The unit hydrograph (UH) is a hydrological tool that represents the unit response of a watershed to a unit input of rainfall. UH models based on lumped reservoir and channel conceptual cascade assume that rainfall is evenly distributed, thus limiting the use of UHs to relatively small watersheds of less than around 500 km 2 in area. In this paper, a new hydrograph prediction method, named the generalized concentration curve (GCC), was derived that can be applied to large heterogeneous watersheds. The GCC method divides the watershed into subareas by isochrones. In each subarea, an independent linear reservoir-channel cascade model that considers both attenuation and translation is established. Comparative application of the GCC and the traditional Nash instantaneous unit hydrograph to 18 storm events from three medium-sized watersheds (727, 1,800 and 5,253 km 2 in area) revealed superior performance of the GCC, with the average Nash-Sutcliffe efficiency coefficient higher by 7.66%, and the average peak discharge error lower by 4.14%. This study advances the theory of UH and expands the scope of application of UH to larger watersheds.
INTRODUCTION
Predicting storm runoff magnitude, timing and recurrence interval is one of the most common practical tasks undertaken by hydrologists. The two main approaches to modelling the translation of effective rainfall inputs to storm flow outputs are data-driven, both empirical black-box and conceptual model types, and knowledge-driven distributed physically-meaningful model types (Todini ) . A basic foundation of the data-driven approach is the unit hydrograph (UH), a lumped, linear conceptual model that describes storm runoff over time at a point resulting from one unit of effective rainfall distributed uniformly over a watershed at a uniform rate during a unit period of time (Dooge ) . Since it was first introduced by Sherman (), the UH concept has been widely used in rainfall-runoff models to predict total event runoff and flood peak magnitude. A range of non-parametric and parametric methods has been used to evaluate the UH (Yang & Han ) . This paper is concerned only with the parametric approach, in particular, models of hydrographs having a limited number of parameters (usually two or three) that are widely applied to the problem of predicting storm flow hydrographs in ungauged or poorly gauged watersheds (Razavi & Coulibaly ) . The above review illustrates that historical development of the UH conceptual model has progressed from TA curves to linear channel systems, single reservoir to multiple reservoirs, equal to unequal storages, and simple to more complex formulations. Despite these improvements, some limitations remain. The isochronal, or TAC curve, method represents the physical process of watershed subareas contributing to the outlet hydrograph to some extent, but it does not consider flow attenuation, and the common practice of plotting isochrones equidistantly unrealistically suggests homogeneous flow transfer times throughout the watershed. In contrast with the TAC method, the UH method includes the attenuation, while this is the result of routing the flow through a system of reservoirs and channels rather than by representing the physical process of attenuation of flow. Dooge () established a general theory of UH with channel-reservoir system but he did not provide an analytical solution for his original general equation of the UH, which he recognized would have involved impracticably complex and tedious calculation. Rather, Dooge () simplified the problem by lumping the channels (Figure 2) , and assuming that the order of the channelreservoir system was immaterial and that the unrestricted reservoirs were all equal. In retrospect, Dooge's () simplifying assumptions might seem unrealistic, but should be viewed in light of the limited understanding of watershed hydrology and relatively crude information technology available at that time. Another limitation is that, by adopting the assumption of uniformly distributed rainfall, the established UH methods are essentially constrained to relatively small watersheds (<500 km 2 in area) where the distribution of rainfall can be regarded as homogeneous (Shaw ) .
It is apparent from the literature that the theory of UH generated considerable research interest before the 1970s, 
METHODOLOGY
Derivation of the GCC method is presented here in four sections, with the first covering conceptual and theoretical development, the second describing the method for deriving the S curve and UH of duration T, the third showing a suggested method based on reach-averaged riverbed slope for determining the storage parameter, K i , and translation time parameter, τ, and the fourth briefly demonstrating the relationship between the new GCC method and existing concentration curves.
Conceptual and theoretical development
The transformation of effective rainfall to a runoff hydrograph is influenced by the processes of translation of flow by gravity without storage effects, and attenuation of flow due to resistance and storage effects. By conceptualizing a watershed simply as n linearly arranged contributing subareas ( Figure 1 ) and as a cascade of reservoirs separated by channels, the inflow to the ith reservoir will be attenuated by the reservoir to produce an outflow that after translation through the channel will become the inflow to the i -1 reservoir, as well as the effective rainfall from the local subarea.
Consecutive processing in this manner ultimately produces discharge at the outlet of the watershed (Figure 3 ). Only after the storage of i reservoirs and the transposition of i -1 channels can the water from the ith reservoir reach the outlet of the watershed. In this way, each subarea contributes a UH at the outlet of the watershed. In a linear system, according to the superposition principle, the UH of the watershed is the linear combination of these individual
UHs. This conceptualization of the watershed runoff system is similar to the initial cascade concept of Dooge () (Figure 2 ), but we retained the channels between the reservoirs to explicitly consider the processes of flow translation and progressive concentration of rainfall excess down the river system. For the sake of completeness and clarity, the proposed method is derived below.
Suppose that each conceptual reservoir has a specific storage property K i . We can establish the following equations in the n ¼ 1 subarea:
where I 1 (t) is the initial inflow to n ¼ 1 subarea, q 1 (t) is the corresponding initial outflow of n ¼ 1 subarea to the outlet of the whole watershed, and s 1 (t) is the corresponding initial water storage of n ¼ 1 subarea.
Differentiating on the variable t for Equation (2) gives:
Substituting Equation (3) into Equation (1) yields:
where D is the differential operator d=dt. Similarly, during the initial period, for n ¼ 2 subarea the following equations apply:
Then, similar to Equation (4), substituting the differential of Equation (6) into Equation (5) gives: where q 0 2 t ð Þ is the initial outflow of n ¼ 2 subarea resulting from the corresponding initial inflow I 2 (t) to n ¼ 2 subarea, s 0 2 (t) is the reservoir storage of n ¼ 2 subarea generated by the initial inflow I 2 (t) to n ¼ 2 subarea, and the meanings of other symbols are as previously defined.
The outflow of n ¼ 2 subarea will become the second time step inflow of n ¼ 1 subarea via translation through the linear channel over the time period of one τ to give:
where q 2 (t) is the second time step outflow resulting from the corresponding second time step inflow q 0 2 (t À τ) that occurred in n ¼ 1 subarea, s 2 (t) is the second time step reservoir storage in n ¼ 1 subarea generated by the inflow q 0 2 (t À τ) from n ¼ 2 subarea, and the meanings of the other symbols are as previously defined.
Substituting Equation (7) into Equation (8) and integrating Equation (9) yields:
Similarly, for the ith subarea,
Suppose that the initial values of q i (t) and its derivatives of different orders are all equal to 0, i.e. q(0) ¼
differential principle of Laplace transform, Equation (11) can be changed to: According to the time delay property of the Laplace transform.
Substituting Equation (13) into Equation (12) yields
Suppose that the inflow is an instantaneous pulse, i.e.
, according to impulse response principles, the outflow will be the IUH u(t). Therefore, Equation (14) can be rewritten as:
The inverse Laplace transform yields:
The storage parameter K i is also called the time lag of water storage of each reservoir. Equation (16) varies with the order of reservoirs and channels. This is because the effective rainfall is progressively routed along the river in the GCC method. The water near the watershed outlet is translated with a shorter distance than that far away from the outlet. In this case, the order of reservoirs and channels is important.
The superposition principle applies to a linear system, so the UH of the watershed is the summation of the product of each subarea's UH to the watershed outlet and its corresponding weight:
Finally,
where ω i is the area weight of isochrones.
Equation (18) is the final integrated form of the new IUH that we named the GCC for predicting storm flow. Given the separation of the UH description as a sum of the contributions of the different subareas, each term of the UH can be convoluted separately using corresponding effective rainfall I i estimated in each subarea of the watershed. The spatial variability of rainfall of the whole watershed can be considered in this manner. The corresponding equation can be expressed as:
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where Q(k) is the outflow of the entire watershed, Q i (k) is the outflow contributed to the watershed outlet from the ith subarea, I i (k) is the effective rainfall in the ith subarea, tu i is the length of UH in the ith subarea, and the meanings of the other symbols are as previously defined.
Derivation of S curve and UH of duration T (TUH)
The IUH is derived under the assumption that the input is one instantaneous pulse, which is unrealistic, so the UH of duration T (TUH) must be transferred in order to convert an effective rainfall into surface flow (Chow et al. ; Li et al. ). Fortunately, the S curve can be applied to obtain the TUH from the IUH. The S curve, or S hydrograph, is defined as the runoff response to unit intensity of effective rainfall from the beginning to time t and continues indefinitely, close to unity. The S curve and TUH are derived below.
The S curve can be derived from the definition:
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where for each subarea, when t < (i À 1)τ, u(t) ¼ 0 and S(t) ¼ 0, so t must be larger than or equal to (i À 1)τ.
Then the TUH, u(T , t), can be derived as follows: where T is the time step of UH, often determined by the time step of effective rainfall series, and A is the watershed area.
Determination of the parameters in each subarea
It is plausible that there are numerous parameters in the GCC method, such as area weights ω i and storage coefficient K i for each subarea, and translation time τ for the channels.
In reality, the area weights are predefined by the isochronal 
where i j is slope of jth subarea of the watershed, and the meanings of the other symbols are as previously defined.
Therefore, there are only three parameters in the GCC method, i.e. the number of reservoirs n, watershed average storage coefficient K and channel translation time τ.
Relationships between the new GCC and existing concentration curves
The GCC is 'generalized' in the sense that some common UHs can be shown to be special cases of this new formulation, but with specific parameters n, K and τ. Five examples are illustrated below.
Equation (18) becomes:
which is the Clark concentration curve (Clark ).
2. When τ ¼ 0 and
becomes:
which is the Kalinin-Milyukov concentration curve (Kalinin & Milyukov ) . The Kalinin-Milyukov method does not explicitly consider the influence of water translation, so its translation time, τ, is actually the time lag of water storage, K.
and if all effective rainfall begins in the nth subarea, Equation (18) can be written as:
which is the Nash concentration curve, otherwise known as the Nash IUH or gamma function (Nash , ).
and if all effective rainfall begins in nth subarea and taking the channel translation effort into consideration, Equation (18) can be written as:
which is the Wang concentration curve (Wang ), the cascade system of which was composed of n equal reservoirs and n -1 channels.
5. When τ > 0 and all effective rainfall is routed from the river headwater, Equation (18) can be written as:
where ω(τ 0 ) is the subarea weight. This is the general equation of Dooge (). While Dooge () did not
give the analytical solution to Equation (27), he assumed that all the linear reservoirs were identical to derive the analytical solution in the form of a Poisson probability function.
Metrics for method evaluation
The performance of the GCC method was compared with that of the Nash IUH method. Three goodness-of-fit metrics were used to evaluate performance of the models in simulating the observed hydrographs: the Nash-Sutcliffe coefficient (Nash & Sutcliffe ) (E NS ), the water balance efficiency (E WB ), and the peak discharge error (PDE), calculated as:
where t is the time index, Q(t) is observed flow,Q(t) is simulated flow, Q is the mean of observed flow, Q peak is the peak flow for observed data, andQ peak is the corresponding simulated peak value. Good model performance was judged by achievement of values of E NS close to unity and values of E WB and PDE close to zero.
STUDY AREA AND DATA
The GCC method was verified using data from the Dagutai, 
RESULTS AND DISCUSSION
The main purpose of this paper was the introduction and verification of the GCC method. Investigation of the runoff generation process was not our focus, so a traditional and reliable runoff generation method was sufficient for our purpose. The direct runoff hydrograph (DRH) was separated from base flow using the objective and repeatable digital filter Table 2 ). The isochrones of the watershed were determined from the DEM by the method of Zhang et al. () using GIS software. GIS was also used to measure the reach-average riverbed slopes for each subarea from the DEM (Table 3 ).
The 18 storms from the three watersheds were divided into two groups: one for calibration and the other for verification (Table 2 ). The parameters of the Nash and GCC IUH were derived from the minimum sum of squares achieved by the SCE-UA algorithm (Duan et al. ) with the calibration storms. The different storage coefficient parameters K j for the unequal reservoirs were derived according to Equation (22) ( Table 3 ). The area weight of each subarea and parameters of the Nash and GCC methods were derived using the described procedures (Table 3) . These estimated parameters were used in the models to derive 6-hourly UHs. The UHs were convoluted with the ERHs to derive the DRHs ( Figure 5 ). For the remaining verification storms, the DRHs were derived directly using the calibrated parameters as a test of their validity.
Comparison with Nash IUH
The isochrones drawn by the method of Zhang et al. () were completely different from equidistant lines. For Calibration  72  135  8  Calibration  93  135  9  Calibration  45  135  10  Calibration  15  135  11  Verification  72  135  12  Verification  114  135  13  Verification  53  135   Kaifengyu  14  Calibration  43  100  15  Calibration  86  100  16  Calibration  32  100  17  Verification  40  100  18  Verification  33 The calculated reservoir storage coefficient (K ) of GCC was of the same magnitude as that of Nash, which indicated that the SCE-UA algorithm was appropriate for derivation of K and translation time (τ) with a pre-determined number of reservoirs (n). Due to a slightly larger value of n, most calculated K values of GCC were a little smaller than those of Nash, while the time required for water to move from the river headwaters to its outlet which is often presented by NK (Singh ), was almost the same between the two methods. Therefore, the derived GCC UHs compared reasonably with the Nash IUHs.
After applying the derived UHs to hydrograph prediction, visual comparison of the observed and predicted hydrographs of GCC and Nash method ( Figure 5 ) suggested that the GCC method generally provided better predictions than the Nash method with respect to the magnitude of the peak, and the timing of the rise, peak and recession.
This was supported by the goodness-of-fit statistics (Table 4 ). In the calibration period, the average values of E NS , E WB , and PDE of the three watersheds were 87.90%, In the verification period, the average values of E NS , E WB , and PDE of the three watersheds were 89.06%, 1.00 and 9.01%, respectively, for the GCC method, with 10.79% higher E NS , 0.02 better E WB , and 6.42% lower PDE than those for Nash method. Overall, the GCC outperformed the Nash IUH model with an average Nash-Sutcliffe efficiency coefficient increased by 7.66%, and an average PDE decreased by 4.14%. The differences in performance between GCC and Nash IUH varied with watershed scale.
The averages of improved performance for E NS were 2.28, Storm ID 14 was caused by local convective weather which brought high intensity precipitation only to the headwater area. In this case, the calculated coefficient of spatial variation was 1.76 and the maximum rainfall volume was greater than the minimum by a factor of 5.75 (Table 1 ).
The assumption of uniform distribution of precipitation over the entire watershed by Nash IUH led to an earlier rise in the hydrograph. On the other hand, the GCC method divided Kaifengyu watershed into five subareas and routed the uneven effective rainfall separately through the reservoir-channel cascade, which retained the heterogeneous characteristics of the storm. By considering rainfall as a distributed phenomenon, a more realistic rising limb and peak of the flood hydrograph was estimated.
In contrast to storm ID 14, storm ID 18 was characterized by relatively uniform precipitation over the watershed, with a low coefficient of spatial variation of 0.33 (Table 1) .
In this case, the hydrographs generated by the GCC and Nash methods were similar, and both were a realistic representation of the observed hydrograph ( Figure 5 ).
The theory of the GCC was developed to overcome the problem of heterogeneous rainfall distribution that is characteristic of larger watersheds (i.e. area >500 km 2 ).
Application of the GCC method to multiple storm events in three watersheds in the subtropical monsoon climate zone of China with heterogeneous rainfall distribution demonstrated its superior performance compared to the traditional Nash method. The robustness and applicability of the GCC method across other physiographic areas requires further investigation. In addition, the work required to divide a large watershed into subareas to consider uneven rainfall distribution can be relatively tedious, although less so for experienced GIS operators. This might be a potential drawback for application of the GCC compared with the simpler traditional UH methods. Thus, the traditional Nash IUH will remain a satisfactory approach for watersheds with rivers of even riverbed slope and homogeneous rainfall distribution.
Sensitivity of UH curves to parameter values
Analysis of the GCC model sensitivity to varying parameter values was examined for storm ID 14 from the Kaifengyu watershed as an example, an event with high intensity precipitation localized to the headwater area. The S curves and UHs for each subarea were compared to identify parameter behavior. It was found that the further away the subarea was located from the outlet of the watershed, the later was the start time of the S curve, while the nearer the subarea was to the outlet, the earlier the S curve value reached 1 (Figure 6(a) ). This was an expected result, because the GCC method considers both water storage and water translation components of each subarea. decreasing trend in the downstream direction. The UH curve for subarea 2 had a lower peak than that for subarea 3 (Figure 6(b) ). Also, the difference between the first and second highest values in subarea 2 was small compared with the more peaked UH curves from the other subareas.
This resulted from the competing effects of water storage, described by K, and water translation, described by τ. Varying τ with fixed K (Figure 7(a) ) demonstrated that a high value of τ corresponded with a late time to peak, and a low value of τ corresponded with an early time to peak, while the value of τ had an indistinct effect on the magnitude of the UH peak. The relationship between τ and time to peak varied between subareas. Subareas 1 and 2, close to the watershed outlet, had a short channel length, so the translation component was small enough to be ignored.
This explains why the Nash IUH, which does not take the channel effect into consideration, performs well in small watersheds less than about 500 km 2 in area. Subareas 3, 4, and 5, which were distant from the watershed outlet, all had a translation component large enough that it could not be ignored. Varying K with fixed τ (Figure 7 (b)) demonstrated that the larger the value of K the smaller was the peak and the later was the time to peak. This is consistent with the physical theory that the larger the water storage capacity (represented by K), the greater the flood attenuation effect. K had no effect on time to peak in subarea 1 because the first reservoir produced impulse UH, as for the Clark IUH. In this case, the time to peak is deterministic, and destined to be the first moment. For the other subareas, K had an effect on both peak and time to peak.
CONCLUSION
A new representation of the UH named the GCC method was proposed by combining a simple isochrone method based on riverbed slope with a conceptual cascade of reservoirs and channels. The GCC, which simulates watershed runoff by considering flood attenuation and translation processes, and by progressively concentrating rainfall excess along the river, was devised as a conceptual model with physical meaning. The GCC was tested using data from 18 storm events at a 6-hourly time step from three watersheds located within the Yangtze River Basin, China. The main conclusions drawn from this paper are as follows:
1. The four well-known existing concentration curves of Clark, Kalinin-Milyukov, Nash and Dooge were found to be special cases of the GCC, with different simplifying assumptions. Thus, the GCC is a generalized method that can be applied across a wide range of conditions.
2. The way that rainfall excess is progressively concentrated along the river in the GCC eliminated the assumption of uniform rainfall distribution across the watershed, thus opening the potential to expand application of the UH concept to large watersheds.
3. Application of the GCC method to data from three watersheds in China indicated that both the GCC and the Nash IUH methods simulated storm hydrographs with reasonable accuracy. However, goodness-of-fit statistics suggested that the GCC method outperformed the Nash method, with average Nash-Sutcliffe efficiency coefficient higher by 7.66%, and average PDE lower by 4.14%. This result appears to be due to the Nash IUH method being less suited to application in watersheds larger than around 500 km 2 with heterogeneous rainfall.
4. The water storage coefficient (K ) influenced the peak of the UH in subareas close to the watershed outlet, and influenced both peak and time to peak in subareas distant from the outlet. The water translation time (τ) had no impact on hydrograph characteristics in the subarea closest to the watershed outlet, but it influenced time to peak in subareas distant from the outlet.
5. In modelling storm events for a watershed with even riverbed slope and homogeneous rainfall distribution, compared with a simpler traditional UH, the GCC could mean a larger calculation effort that realizes an insignificant benefit in improved results. For this situation, the traditional Nash IUH will continue to find satisfactory application.
It is noted that, in this paper, the GCC method was verified using data from three watersheds in the subtropical monsoon climate zone of China as a preliminary demonstration of its utility. Further work is required to test the robustness and applicability of the GCC method in other watersheds covering a wider range of morphometries and climates. 
